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DIlW 
Ef 
IIVAC 
IRR 
NOMENCLATURE 
incremental first cost 
incremental cash flow in the i th year 
domestic hot water 
cOllventional system first year utility cost 
fuel cell/HVAC system first year utility cost 
heating, ventilating and air conditioning 
after talC internal rate of return 
iv • 
NPV net present value of incremental cash flows at IS? discount rate 
SPB 
ABSl 
ABS2 
CTV 
FC 
II 
BOS ED 
CON ED 
COMM ED 
GEO PWR 
NJPS 
S CAL ED 
simple payback period 
single stage absorption chiller 
two stage absorption chiller 
Trane "Centravac" electric chiller 
fuel cell system 
hot side thermal storage 
Boston Edison (Boston) 
Consolidated Edison (New York) 
Commonwealth Edison (Chicago) 
Georgia Power Co. (Atlanta) 
New Je~gey Public Service Electric & Gas (Newark) 
Southern California Edison (Los Angeles) 
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EXECUTIVE SUMMARY 
The overall objective of this project was to determine the best HVAC (heating, 
ventilattng and air conditioning) subsystem to interface with the Engelhard 
fuel cell system for application in commercial buildings. To accomplish this 
objective, the effects of several system and site specific parameters on the 
, , 
economic feasibility of fuel cell/HVAC systems were investigated. 
An energy flow diagram of a fuel cell/HVAC system is shown in Figure 1. The 
fuel cell system provides electricity for an electric water chiller and for 
domestic electric needs. Supplementsl electricity is purchased from the 
utility if needed. An excess of electricity geneI'ated by the fuel cell system 
can be sold to the utility. 
The fuel cell system slso provides thermal energy which can be used for 
absorption cooling, space heating and domestic hot water. Thermal storage can 
be incorporated into the system. Thermal energy is also provided by on 
auxiliary boiler if needed to supplement the fuel cell system output. 
Fuel cell/HVAC systems were analyzed with the TRACE computer program. TRACE 
is an energy and economic analysis program that has been developed by The 
Trane Company. Additions and modifications were made to TRACB in order to 
simulate fuel cell/HVAC systems. 
" 
i 
Actual cogeneration electric rate structures for six different cities were 
c, used in the analysis. Future electricity prices were determined by applying 
escalation rates from Trane Company projections. Natural gas prices are also 
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vii. 
from Trane Company projections. All of the results in thia report are for 
natural gas powered fuel cell systema. 
The most important parameter affecting the economic feasibility of fuel 
cell/HVAC syatems was found to be the installed cost of the fuel cell system. 
By varying the installed cost paramet.t1.cally, a "break-even" cost was 
determined. The break-even cost was defined as thst which yields a 15% 
internal rate of return to the building owner. The break-even cost was found 
to be a strong function of the electric rate structure. For the best 
building, the break-even cost was about $650/KW with the lowest electricity 
prices, and about $2000/KW wit:. the highest electricity prices. fhe building 
owner can afford a higher priced fuel cell when more expensive electricity is 
displaced. 
The current Engelhard estimate ox installed fuel cell system cost, inflated 
for 1985 instsllation is $980/KW. By comparing this value to the break-even 
costs, it is concluded that fuel cell/KVAC systems can be economic in regions 
with medium to high "lectrtc rates. For application throughout the U.S. 
however, the installed fuel cell system cost must be reduced below $650/KW. 
Three types of water chillers were investigated for application in fuel 
cell/HVAC systems: electric chillers. absorption chillers. and a combination 
of electric and absorption. Electric chillers are more efficient than 
absorption chillers and can be powered by the electric output of the fuel cell 
system. Absorption chillers are less efficient but can be powered by the 
thermal output of the fuel cell system. 
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viii. 
The combination of electric and absorption chillers was f.ound to be the best. 
The abaot'ption chiller should be sized to match the thernal output of the fuel 
cell system. When the absorption chiller cannot meet the cooling load, the 
electric chiller is brought on-stream. Systems with only absorption chillers 
are less economtcal. When thernal. energy from the fuel cell system is 
insufficient to power the absorption chiller at high cooling loads, natural 
gas must be burned in the nUKiliary boiler to power the low efficiency 
absorption chiller. This results in a less economical system. 
Applications of fuel cell/HVAC systems were investigated for four building 
types: a hospital, an apartment building, a retail store and an office 
building. These buildings represent a wide range of thernal to electric load 
ratios. The best buildings were found to be the hospital and the apartment 
building. These buildings have relatively high thernal loads. Applications 
in the retail store and office building were conSiderably less favorable. It 
was concluded that buildings with thernal to electric load ratios near unity 
are the best applications for fuel cell/IIVAC systeu,s. Buildings with load 
ratios much greater than unity require a larger investment for a larger fuel 
cell system and more electricity is sold back to the utility at unfavorable 
rates. In buildings with small load ratios, the thermal output of the fuel 
cell system is not effectively utilized. 
The optimum fuel cell system capacity was found to be a function of the 
building's thermal to electric load ratio. For load ratios near unity (the 
beGt buildings) the optimum capacity is about 80r. of the average electric 
load. At larger capacities, the fuel cell system thernal output is not 
effectively utilized, and a considerable amount of electric energy is sold 
0, , 
~l 
.;-
" 
, 
" 
~ 
rSA ",.." + I i '.r n __ 
',. 
,~ 
, 
i 
I 
, I 
I 
I 
iK. 
back to the utility at unfavorable rates. A fuel cell system that provides 
all of a building's electric load WIlS definitely not economic. 
; , 
The effect of location on economic feasibility WBS determined by analyzing the >! 
best building in SiK different lor!\~ions. The effect of location was found to 
be primarily due to changes in electric rate structures. Locations with high " , 
electric rates yield the highest internal rates of return because higher 
priced electricity is displaced by the fuel cell system. Weather haa a 
secondary effect because the HVAC loads of commercial buildings are generally 
dominated by the internal loads. 
The optimum operating mode for the fuel cell system was to operate 
cOl',tinuouE,ly at rated capacity. EKcess electricity can be sold back to the 
utility. If the fuel cell system electric output is varied 1n re9ponse to the 
electric load, the thermal output also varies. The fuel cell system then 
satisties a smaller fraction of the daily thermal load and more natural gas is 
consumed for aUKiliary heating. 
The installed cost of the recommended IlVAC subsystem for the hospital was 
estimated by Affiliated Engineers, Inc. The incremental installed cost over a 
conventional system was $358/KW to interface with a 460 KW fuel cell system. 
The total incremental installed cost, including $980/KW for the fuel cell 
system, is then $1338/KW. Using the highest electric rates, the calculated 
internal rate of return was 33%. 
The results of this study show that fuel cell/HVAC systems can be economic in 
some building types in certain locations. The L~r most importa"t 
r·m#""" .... """", ...... ..,...,.,..,.--------. . ...... --.----. 
• 
.~-------
requirementa foJr cconolnic feaoibHity are: 
" 
- appU cot lons in building) with high thermal-to-elect rlc lond rot loa, 
- applicat lons in 10caH t les with medium to high ulact ric rates, 
- achievement of fuel cell cost .• oals, and 
- the continued axistcnce of PURPA. 
Deviations from these requirements can clluae a considerable reduction in the 
internul rate of retut'n. PURPA is necessary to guarantee that supplemental 
electricity can be purchased at a reasonable rate. The sell-back provisionu 
of PURPA are not crucial since the optimally sized fuel cell will &encrat~ 
smail quantities of excess electricity. 
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The overall objective of this project WUII to determine the beot IlVAC 
subsystem design co interface with the Engelhurd fuel cell system. The 
fuel cell system was defined, for the purpose of this project, ns n IIYlltUID 
which includes the fuel cell stacks, reformer, inverter, and related 
controls. 
The work was diVided into three tasks. 
TASK I - PRELIMINARY SYSTEM DESIGN 
Objective: To co:n'"lete a preliminary assessment of fuel celtl 
IIVAC systems and to identify the most importunt 
design parameters. 
Report: "Fuel Cell/HVAC Interface, Task I \(eporc", 
prellented to Engelhard on June 8, 1982. 
TASK II - DESIGN STUDIES 
ObjlJctive: To extend and refine the analyses of the importunt 
issues that were identified during Task I. 
Report: "Heat Recovery Subsystem and Overall System 
Integration of Fuel CellOn-Site Integrated 
Energy Systems, Task II Report", presented to 
Engelhard on March 9, 1963. 
Tssk 11 results are included in this Finul Report. 
TASK III - IMPROVED SYSTEM DESIGN 
Objective: Using the results of Tusks I and H, to design 
the beot HVAC subsystem and to detennine its 
performance and installed cost. 
Report: Task III results are included in this Fillal Report. 
1. 
.r.;'I!Il~'II'" "".,,1+"--,"""", .. ----- - ....-_. --.-' 
) , 
, 
,; 
2. 
II. METHODS AND BASIS OF ANALYSI~ 
A. Systems Analyzed 
A schematic diagram of a fuel cell/HVAC system is illustrated in Fig. 
2. The fuel cell system provides electricity to the HVAC system and 
for domestic needs. Excess electricity is sold to the utility. 
Electricity is purchased from the utility if :leeded to augment the 
fuel cell syatero output. The fuel cell system also provides thermal 
anergy for domeatie hot water heating, space heating and absoL'ption 
cooling. Thermal energy is provided by a conventional boiler if 
needed to augment the fuel cell system output. Three primary system 
variables were investigated: the type of chillers, either electric 
or abflorptionj the cspacity of the fuel cellj and the capacity of the 
hot and/or cold thermal storage units. 
Although Fig. 2 shows a combination of an electric chiller and 
absorption chiller, systems with only electric or only absorption 
chillers were analyzed. Both two-stage and single stage absorption 
chllers were considered. The thermal storage capacity was varied 
from zero up to the capacity at which no further benefit was 
realized. In most systems, the fuel cell system operates 
continuously at rated capacity. No allowance was made for down-time, 
either scheduled or unscheduled. All of the results in this report 
are for natural gas as the fuel for the fuel cell system. 
B. Basis and Assumptions 
~uilding descriptions. Four building types were analyzed: a 
hospital, an apartment building, a retail store and an office 
building. These arc hypothetical buildings with characteristics 
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consistent with current building practice. The annual en,tltgy 
consumption of these buildings with conventional equipment (no fuel 
cell) is given in Table A for the Washington, D.C. climate. Note that 
the ratio of the electric to thermal loads varies considerably for the 
four buildings. 
Table A 
Building Descriptions 
BuildinG. __ Floor Area Annual Energ~ Usage 
(m2) Electric Nat. Gas 
(106 KWH) (106 KWli) 
Hospital 16,300 4.93 5.60 
Apartment 7,560 1.07 1.96 
Office 6,210 1.40 0.11 
Retail Store 10,420 1. 79 0.52 
Economic Parameters. The estimated costs and the economic parameters 
used in the analysis are given in Table B. The estimated costs are 
for 1965 installation. 1965 costs were obtained by inflating 1962 
costs by 7% per yea~. 
Table B 
Ec~nomic Parameters 
Installed Costs (1985) 
Fuel Cell System 
Piping, controls 
Boiler 
Storage-hot water 
Storage-ice water 
... ' 
$960/KW fuel cell capacity 
$llO/KW fuel cell capacity 
$33/KW boiler input 
$9.60/KWH 
$20.90/KWH 
4. 
" '; 
1.1 
,i 
" 
" 
II ,PC. T·,....· 
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, 
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1 
Table 8 (Cont'd) ~ 
i 
:1 , 
; 
Annual Costs 
1 
Property tax rate 1.0% 
, 
Insurance 0.5% 
Maintenance 1.0% .' .. ~ 
, 
" 
Annud cos ts inflated at 7.0% ~ 
Platinum charge $27/KW " 
Economic Variables . r •. ~ 
.~.~ 
Income talC rate 48% , ~ " j 
Investment tax credit 20% 
I 
r , 
! 
Fuel cell weighted avg. life 10 years 
Salvage value 12.5% 
Discount rate 15% 
~ 
i; 
~ 
i 
~ 
,J 
j' 
l 
;~ 
~ 
l' 
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Energy prices. Current electricity prices were based on the 
" "'~ ,
cogeneration ~ate schedules furnished by Engelhard and Arthur D. j 
"' Little. These schedules are shown in the Appendix. Future electric 
, 
j 
.J 
prices were determined by applying the Trane electri.c price ··1 ~'~ 
projections to these schedules. j 
'" 
, , 
.' 
A 
" 
Current and futur<;! natural gas prices were based on Trane Company ~ 
"'I ~ 
!1 
projections. Table C summarizes the energy prices used in the TRAer: iI 
~ 
analysis. The escalation rates include the effect of general 
inflation. 
!j 
J " 
!. 1 " 
., ::4l 
pmp' . ; 1M ".'....---.-.---.~---
Elect rl.ei ty 
Nat. Gas 
Table C 
Energy Prices 
1985 Price 
(Sec Appandtx) 
$8.20/106 liTO 
Escalation Rate 
10% 
12% 9% 
Fuel Cell SYstem Iifficiancx. For all system Simulations, the fuel cell 
system efficiency was assumed constant at the following valuas: 
Elactrl.c 40% 
Useful thermal 
C. Economic Criteria 
Three economic criteria were uscd as a measure of the economic 
feasibility of fuel cell systems: the simple pay-back period (51'1l) , 
the after-tax internal rate of return (lRR), and the net present value 
of the incremental cash flows (NPV). 
The 5PIl is based on the incremental first cost and the first year 
utility cost savings. No future costs or savings are considered. The 
SPIl is defined as 
where 
Co • the incremental first cost 
Ec = the first year utility cost 
of the conventional system 
Ef = the first year utility cost 
of the fuel cell system 
6. 
- .... ' 
The IRR is determined iteratively. The IRR is equal to x when the 
following equality holds. 
where 
(l+x) i .. the discount factor 
• the incremental cash flow for the 
i th year 
Included 1n CFi are energy costs, taxes, insurance, maintenance, 
platinum charge, replacement costs, salvage value, depreciaticn 
effects and tax credits. A 20 year period of economic analysis has 
been assumed. 
The NPV is based on a discount rate of 15%. The NPV is defined as 
20 
NPV a 2. CF i / ( 1. 15) i_Co 
1a l 
D. The TRACE Program 
TRACE is an energy and economic analysis program that has been 
developed by The Tranc Company.. It is '<Isec\ extensively to compare 
various HVAC equipment and system alternatives in buildings. TRACE 
can be used to compute building loads, equipment loads, system 
capacities, energy usage, utility costs and various economic 
parameters. 
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Computer code was written to allow TRACE to analyze fuel cell 
cogeneration systems. The fuel cell system 1s treated as a "black box" with 
spacified electric and thermal afficiencies. The fual cell system's t'lactrIc 
and thermal outputs are interfaced with the building's HVAC equipment. 
TRACE computes building and equipment loads for four day typea each 
month. The four day types are Sunday, Monday, a weekday and Saturday. 
The four day model is needed for buildings in which the occupancy is a 
function of the type of day, such as retail stores and office 
buildings. Monday is distinguished from other weekdays because of the 
unique start-up loads after a weekend shutdown or set-back. The 
four-day model also allows off-peak electric rates to be used 
throughout the weekend, typical of many electric rate structures. 
TRACE adjusts the COP of the cooling equipment to reflect part load 
operation and changing ambient conditions. Alao, the energy 
consumption is computed for all of the accessories for each piece of 
HVAC equipment. For example, if an electric chiller is specified, 
TRACE computes the energy consumption of the chilled water pumps, 
condenser water pumps, cooling tower fan, the controls and the chiller 
oil pump. The energy consumption of these items can be a significant 
fraction of the total energy usage. 
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III. RESULTS AND DISCUSSION 
A. Effect of Fuel Cell System Cost 
One of the most critical parameters was found to be the installed 
cost of the fuel cell system. 'rhe Engelhard estimate is on 
installed cost of $800/KW in 1982, which waH inflated to $980/KW for 
1985 installation. 'rhe effect of fuel cell system cost was 
determined by simulating identical systems but with arbitrary 
increases in fuel cell system cost. The reHultH are shown in Fig. 3 
and in 'rable D. Results are shown fot' the four buildings and for 
two electric rate structures. Consolidated Edison has the highest 
electric prices used in this study, while Commonwealth Edison has 
the lowest. Incremental costs of the interface piping, heat 
exchangers, thermal storage and controls were also taken into 
account. 
The results of Fig. 3 and Table D show that the NPV and IRR both 
decrease substantially as the fuel cell system cost increases. It 
is also seen that the electric rate structure has a strong effect on 
the economics of fuel cell systems. This subject is treated in more 
detail in a subsequent section of this report. 
The results of Fig. 3 can be used to determine a "break-even" fuel 
cell system cost. The break-even cost is defined as the fuel ceLL 
system cost that yields a 15% IRR, or a NPV of zero. An IRR of l'Z 
represents an approKimate break-even cost to the builrling owner 
relative to alternative investments or to the cost of capital. 
course, the building owner will need an IRR greater than 15% in 
order to justify the purchaHe of a fuel cell system. 
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RUN SYSTEM 
FUEL 
CELL 
COST 
(6/KW) 
HOSPITAL (400 KW) 
CON, ED, RATES 
7 crv 
7 Fc/crV/H 
7 Fc/crV/H 
7 Fc/crV/H 
40 F'C/CTV/H 
COM, 
10 
10 
41 
41 
.. .. 
ED, RArF.S 
Cry 
FC/crV/H 
rC/CTy/H 
FC/CrV/H 
.. - .. .. 
APARTHEHT (50 KW) 
CON, ED, PATES 
20 CTV 
20 Fc/crV/H 
42 FC/CTV/H 
42 FC/CTV/f-I 
COM, 
43 
43 
43 
ED. RIITES 
CTV 
FC/CTY/H 
Fc/crV/H 
.. 
980 
1470 
1961) 
2940 
.. 
9RO 
1960 
2940 
.. .. 
.. 
9aO 
1960 
294.0 
.. 
980 
1960 
.. .. .. .. .. .. 
- .. 
RETAIL 
CON. 
29 
28 
44 
44 
cml , 
45 
45 
45 
45 
.. .. 
OFFlCF.: 
CON, 
24 
24 
46 
46 
STORF. (65 
ED, RATF.:S 
CTV 
FC/CTV/H 
FC/CTV/H 
IO'C/CTV/H 
KW) 
ED, Rl\TES 
CTV 
FC/CTV/H 
FC/CTV/H 
fC/C'1:V/H 
.. - - - .. 
BUILDING (85 
EO, PAns 
cry 
rC/CTV/H 
PC/CrY/H 
FC/CTV/H 
.. 
980 
1960 
2940 
980 
1960 
2940 
.. 
Kwl 
.. 
9RO 
1960 
2940 
, (I " 
'l'ABiJE D 
EFFECT OF FUEL CELL COST 
\9R5 INSTALLATION 
OfllGINAt PAGO'r IS 
OF POOR QUtlLITV 
INeR, 
II/STID, 
enS'l' 
(S) 
.. 
454,330 
650,JOO 
846,300 
1,238,300 
.. 
0;54,300 
846,300 
1,23P.,301) 
.. .. . . 
.. 
.. 
.. 
58,450 
107,500 
156,500 
.. 
58,450 
107,500 
.. .. 
.. 
76,500 
140,200 
?OJ,BOO 
.. 
76,500 
140,200 
21'l3,BOO 
.. .. 
.. 
95,500 
17R,900 
262,100 
.. 
19R5 
UTIL, 
COS1' 
(s) 
741,500 
532,400 
532,400 
532,400 
532,400 
528,700 
444,700 
444,700 
444,700 
.. .. .. 
192,900 
171,500 
171,500 
171,500 
14'l,300 
138,700 
139,700 
- .. -
253,600 
222,300 
22?,300 
222,300 
172,200 
151l,500 
159,500 
159,500 
- - .. 
193,201) 
169,901) 
161l,900 
16R,(01) 
.. 
-
.. 
SPB 
(YRS) 
.. 
NPY 
(8) 
.. 
559,500 
390,200 
220,400 
-157,400 
- -5.4 -130,000 
m488,600 
.. 847,000 
-- .. - .. 
.. 
2.7 
5.0 
7.3 
.. 
.. 
44,700 
-735 
-45,140 
.. 
5.5 
10.1 
-14,200 
-59,700 
- - - - -
.. 
2.4 
4,5 
6,5 
.. 
5,6 
10.3 
14,9 
.. 
.. 
3,9 
7,3 
\0,8 
-73,900 
14,300 
-47,200 
-
-23,400 
-83,100 
-\44,600 
.. - -
.. 
-6,263 
-1l5,JOO 
-159,100 
.. 
IRR 
(PCT) 
-
.. 
36,4 
26.2 
20.6 
12.0 
-5,3 
0,0 
0,0 
-
.. 
29,2 
14 .9 
7,5 
-4,7 
0,0 
.. 
.. 
32,7 
17,3 
9,2 
-3,4 
0,0 
0,0 
.. 
.. 
12,R 
0,0 
0,0 
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Table E shows the estimated break-even fue\ cell system costs. A'lain, the 
strong effect of electric rate structure is apparent. Comparison of 
the breakeven costs to the Engelhnrd estimate of $980/KW leads to ehe 
conclusion that fuel cell systems w11l be too expensive in rugions 
with low electric rates. However, fuel cell systems can be 
economically attractive in regions with high electric rates. In 
order for fuel cell systems to be attractive throughout the U.S., the 
fuel cell system installed cost would have to be less thlln $600/KW. 
Table E 
Break-Even Installed Fuel Cell System Cost 
($/KW) in 1985 (15% IRR) 
Building Comm. Ed. Con. Ed. 
----
Hospital 630 2550 
Apartment 680 1810 
Retail Store 600 1780 
Offir.e 910 
B. Effect of Chiller ~ 
Three alternatives were investigated: electric ch111 'rs, absorptlo~ 
chillers, and a combination of electric and absorption chillers. The 
results for the hospital are shown in Fig. 4. Also shown on Fig. 4 
are the effects of fuel cell capacity and thermal storage, which are 
discussed in the next two sections of this report. 
Fig. 4 shows that the systems that contain both elect ric and two-
stage absorption chillers yield the highest NI'V. The NPV is only 
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slightly lower for the systems containing only electric chillers. 
But systems containing only absorption chillers arc clearly less 
economic than the othe~ systems. 
There are two reasons why "absorption only" systems arc less 
economic. The first is that absorption chillers ure ~;re cKpensive 
than electric chillers. The second reason is that absorption 
chillers are much less efficient than electr.i.c chillers. The 
consequence of the low efficiency can be seen by first considering u 
small capacity fuel cell. Since the absorption unit increases the 
thermal load beyond the fuel cell thermal capaci ty, the gas-fired 
bOiler must supply heat to the absorption unit for n considerable 
number of cooling hours. The low efficiency causes large quantities 
of gas to be consumed, which increases the utility costs. To 
minimize the usage of the auxiliary boiler, the fuel cell capacity 
can be increased. This improves the economics slightly, aE shown 01\ 
Fig. 4. However, the large fuel cell capacity, coupled with the 
lower electric load with absorption cooling, causes more electricity 
to be sold back to the utility at unfavorable rates. The bdditional 
first coat of the fuel cell cannot be justified on the basis of 
sell-back electricity. All of these factors taken together result in 
"absorption only" systems being less economic than the other 
systems. 
Figures 5-7 arc similar to Fig. 4, but show reuults for the other 
three buildings. The combination absorption and electric chUle;, is 
not shown for these three buildings because performance and cost data 
14. 
". 
, , 
! 
pt-" " . 4 \ 
~ 
... 
u 
Co 
--'~---
<: 
. 
~ 
~-
----, -
ORIGINAL PI\Gt! IS 
OF POOR QUAI.rrY. 
~ 
Rt:TAIL !:lT0RE 
F"CI'CTVI'H (;) 
F"('I'CTV t. 
F" l' / AiH.l/H (!J 
F"t'I'Ai3~l X 
C-r----~~T.--._------~;~(_r, ---------u:rr---------rl------~~~ 
CO 
00 
c c ... .; 
'" ' 
C-J 
o 
,,'00. Joe. ~oC'. 
RETUL STuRr 
F C'l'C T V /H 
Fc/CTV 
F':I'Ail~·l/H 
FCI'Ai3~.l 
_-----['J-~X- x-. ;-~ --,-----
o 
t.. 
X 
~~---------T----------r---------._--------_r--~----~ ~oo.~ :"O.J. 100 I i.~iJO. Joe. 
C'C C4 r ACITV, '<W 
FIG. ~. EC'Fl[T OF FJFl rill CArACITv, 
CYIllfR Tvrr ANO TYERMAl STORAG[. 
~ET~Il STORE, YASHINGTON, D.C. Y[ATYFR. 
(ON rD ~ATFS. $;60/KY. 
• 
'", 
15. 
'-< 
i; , 
, 
.' 
1 
I , 
" 
J' 
, ' 
; ! 
,"~I 
. \' 
i 
, I 
~ 
u 
Co 
· c 
("I 
ORIGINAL PAGE lSI 
.Jf>---IolrF ~OOR QUALlrf 
.'1' AI' ~1\T\lr"l T 
FC/CTV/H 
Fc/CTV 
Fl'/Ai3~1/H 
Fl'/Ai3~l 
x 
16. 
() 
to 
m . , 
x 
~~, ---------'~~~--------r(~;~'------~----------r---------~---------~ 
o 
o 
· ('J 
~J 
.... 
':: . 
lP.O 
o 
.... 
>, 
C-
d! 
· ~. 
'J 
o 
,,), ~Ol J..OC. .1.50. ~~':J...'. '-' .... u, ~;~". .. '. c, C ~r~CITv, 1<1< 
fir ~I\T'l.f'~T 
F,'lcrv'H 
F,'/LTV 
F I. ... /Aa~, t f '1 
FC/A.3U 
f) 
• c. 
,., 
LJ 
C:' -l-----------,---------,------.,--------..------,------l 
:;0. 100. 150. 
FIG. ~, E~Fl(T OF FUFl CllL CAr'CITv, 
(YIlL~~ TurF AND l~ERMAl STORAGl. 
,rART~FNT, ~AS~IN~rON, D.G. Y(ATHEQ. 
CON ED qATES. 1~&0/K~ 
~h'\~ 
t 
.' 
, , 
i 
~ 
• 
,; , 
t 
~ 
~l 
! I 
} : 
,~ 
~ '" 
: 
, 
~ 
i: 
f 
I 
, I 
1-
U 
Co 
(") 
Q 
'j 
~: 
( , 
. 
'j 
'" "~ 
If! Q 
,Il 
..... 
::-- I 
c.. 
. 
. 
'" L~
,) . 
ORIGINAL P/\Ot: IS 
OF POOR QUALITY 
orF H'r i3L DG 
f'(' ICTV/H 
F' U('T V 
FClfliH,VH 
Fl' I "i3~, 1 
17. 
r:. 
/';. 
[') 
X 
, ~i----'iIfJI1------,- -+----1 
1 ~h."\. 150. ,,"J0. ,,':"0, 1~'\.~ 
rc ('~rACITv, I<\J 
OHIC'l' 2LUC. 
Fc'/(T"/H 
F c' /C TV 
Fc'/AGS1'H 
FC/"p~ 1 
, ' 
• , 
I~ 
• 
CJ 
, +-----,---- --,,-----,,----.-,----- -f'---"'-- - '- 1 
100. 150. ~QO. I'~O. 1\'0 
'c' l Ar~C1Tv, I<W 
FIr" 7, [<FtC! J' FUn L'lLL c~r/,lIT", 
(lIILLI: ~ T lirE" AND 11.tfRMf\L S T JR.",Gl . 
co~~ cD '\.\ !FS ,''lU('.'KW 
~ 
" 
" 
" 
" 1 
. 
• \ 
, 
<':. 
,I 
~- -.---
I n. 
were not available for low capacity absorption Ullits. Figures 5-7 
show again that systems containing only absorption units are less 
economic than systems contnining electric chillers. The other 
features of 11igs. 5-7 arc discussed in the \lI.!Kt two Gections. 
C. !,ffect of Hot-Side Thermal Storage 
Figures 4-7 show the effect of thermal storage Oil the economics of 
fuel cell systems in the tour buildings. Systems with thermal 
storage are identified by the letter "H". Thermal sto~nge by hot 
water at n temperature below 21Z oF was considered. Storllge lit 11 
temperature high enough for two-stage absorption (350-400o~.) was 
judged to be uneconomic. 1I0t water at l60-Z10o~. is ndequate for 
space and domestic hot water heating. 
Thermal storage was found to improve the economics of fuel cell 
systems ill all four buildings. The largest effect waG found for the 
retail storl.! where most of the thermal load is for daytime doml.!stic 
hot water. The smallest effect "'~s for the office huilding where 
thermal loads are relatively small. 
D. Effect of Fuel Cell System Capacity 
Referring again to Figs. 4-7. it is seell that the optimum flll.!l cell 
system capacity depends on the type of HVAC system as well as the 
building type. Systems that include only absorption chillers 
optimize at larger fuel cell system capacities than systems with 
electric chillers. Buildings with higher thermal lOllds relatlve to 
electric loads optimize Bt relatively larger fuel cell system 
capacities. 
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An nttempt was In~de to generalize the optimum fuel cell system 
capacity data from Figs. 4-7. It was found that the most significant 
factor affecting the optimum fuel cell capacity was the building load 
ratio -- the ratio of the average thermal load to the average 
electric load. Fig. 8 shows the optimum fuel cell capacity plotted 
vs. the building load ratio. Optimum fuel CEll capacity is defined 
as the fuel cell capacity that maximizes the NPV. Fig. 8 includes 
data for four system types in the hospital from Fig. 4, snd data for 
one system type in four different buildings from Figs. 4-7. All of 
the data can be fairly well ::epresented by a single curve. 
At high building load ratiOS, larger fuel cell systems can be 
installed because the fuel cell thermal output can be effectively 
util1~ed. Systems with absorption chillers increase the building 
load ratio, so that the optimum fuel cell system capacity is larger 
than for systems with electric chillers. For a given system type, 
buildings with large load ratios optimize at larger fuel cell system 
capacities (relative to the average electric load) than building~ 
with smaller load ratios. The significance of Fig. 8 ia that one can 
predict the optimum fuel cell system capacity of any building if the 
building load ratio can be predicted. However, Fig. 8 only applies 
to regions with electric rates comparable to those of Consolidated 
Edison. Lower electric rates will cause the curve to shift downward. 
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E. Effect of Building Type 
Table F is a comparison of the four building types. The comparison 
is basad on the same system, electric rate structure and weather for 
each building. 
The second column shows that the building load ratio varies 
considerably for the four buildings. The tabulated values of IRR 
and NPV correspond to the optimum fuel cell system capacity for each 
building. 
Building 
Hospi tal 
Apartment 
Retail 
Office 
Table F 
Effect of Building Type 
FC/CTV/H System 
Wash, D.C.; Con. Ed. Rates 
$980/KW Fuel Cell Installed Cost 
Ratio NPV to 
Load Ratio Max IRR Max NPV Avg. Elec. Load 
( thermo 7 elec.) (pct) ($) (${KWr-
.92 36.2 578,000 1000 
1.38 32.5 118,000 900 
.23 32.7 81,000 390 
.06 12.8 10 ,000 60 
Based on IRR, the hospital ranks highest, with the apartment 
building and retail store close behind. The office building is 
clearly the worst application of the four buildings. 
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A direct coml'lIrison of the NPV of the four buildings is nOt 
mOllningful buclIuse the buildingo vary conuiderably in size. In order 
to make II meaningful comparison, the NI'V numbers were normalized by 
dividing by the optimum fuel cell CllpllcltIeB for each building. 
The NI'V ratio in the lllot column shows more variation between 
buildings thun the lIlR. Although the retuil store yields II VlIlUl' of 
IRR nearly as high au the hospital, the NI'V ratio is considerably 
lower. 'l'he reMon is that the optimum fuel cell Hystcm capnl'llv for the' 
store is much smaller, relative to the average electric load, thlln Lt 
is for the hospital. The fuel cell system then hilS II much amlllLer 
impact on the building owner' 0 owning and operatIng expcnse. 
'l'he NPV ratios can be interpreted as II mensure of the impact Oil tIll' 
buIlding owner's owning and operating cost. For both mllximum Impnct 
and maximum tRI\, it is concluded that the building lond ratio should 
be nen r un tty. 
The above information, along with the optimum fuel cell HYHlem l'ap''''lly dllLI 
given previously, could be used as input to n lIlarket study. 
Knowledge of the number of buildings and the building loads would 
ullow a market study to be made. However, II market study Ls beyond 
the scope of this project. 
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Table G compares the same fuel cell system in the same buil~ing in 
six different locations. The second and third columns show the 
results using the actual elect rio: rate structure and weather for 
each city. These results show a strong effect of location. 
The fourth and fif th columns show the results when the same we1lther 
data is used for all cities. Only the electric: rate structure 
changes. This dats shows that the primary fllctor is the electric 
rate structure rather than the weather. 
Some effect due to weather can be seen by comparing the results in 
the second and third columns to those in the fourth and fifth 
columns. The northern Cities (New York, Boston, Newark, Chicago) 
show less favorable economics when Washington, D.C. weather is used 
due to the lower thermal loads. The Bouthern cities (Atlanta, 1,08 
Angeles) show more favorable economics with Washington D.C. weather. 
liowever, these effects are srna11 when compared to the effects doe to 
electric rate structure. It is concluded that the effect of 
location on fuel cell system econmicM is primarily due to the 
electric rate structure. 
G. Effect ~f Ta~ 
Hospital income can be either taKable or non-taKable. Table II shows 
that the effect of taKes is to lower the IRR. The Ilrimary reason ls 
that utility costs are tax deductible expenses for the privately 
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Table G 
Effect of Location 
Elec. Rate Actual City 
Structure Weather 
NPV IRR 
($000) (%) 
CON. ED, (NYC) 609 37.6 
GEO. PWR (ATL) 521 35.3 
BOS. ED. (BOS) 516 34.8 
N.J.P.S. (NEWK) 330 28.8 
COM. ED • (CHIC) -32 13.1 
S. CAL. ED. (L.A.) -120 4.9 
HOB pi tal, 1.00 KW Fuel Cell Sys tern 
$980/KW installed cost in 1985 
24. 
Washington D.C. 
Weather 
NPV IRF 
($000) (%) 
560 36.4 
612 37.8 
431 32.3 
278 27.1 
-130 5.3 
109 20.4 
•• 
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owned hospital. The utility cost ssvings Achieved by the fuel cell HVHll'lJI 
1 \. 
are, in effect, reduc.ed by the tax rate. For typical tax ratea, the 
sAvings are reduced by nearly one-half. 
~j 
I. 
',' 
~ , , Some tax effects favor the fuel cell system: n 20% investment tux ,'red II 
" ; 
deprec1at 10n; and tax: deduct ible expenses such as insurance, ! 
,'? 
~ 
'1 ,maintenance and mortgage interest. However, tax deductible utility 
I( 
j 
j costs remain the dominant factor. The net effect is a reduction in 
~ 
" 
IRR due to tax effects. 
I , 
All economic comparisons in this report, other than Table II, assume 
j 
" < 1 
" -~ that the building owner's income is taxable. In this way, all 
<I 
• ;~ comparisons are made on an equal basis. 
! ,~ 
.~ 
" Table H :~ 
~ 
~ Effect of Taxes 
,." 
~ 
;~ 
'~t 
1; 
" 
Building Ownership ~ Rat~, NPV lRR 
Hospital Tax-exempt 0 i~ .~ $1,076,000 47.7'1. 
" J , 
j 
~~J 
.~ 
Hospital Private 48'1. $ 495,900 35.2% 
$ 
'" 
:1 Washington, D.C., weather, Con. Ed. electriC rates. 
'I 
'j ,
~ 
400 KW Fuel Cell, $980/KW in 1985. 
1 
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In all of the cnoes discussed in prior sections of this report, tht' 
cell electrlc output tlltceed9 the electrlc lond, electrlcity 19 anld 
bock to thc IItUlty. Since sell-back rntlls aloe cnnoidernbly lower 
than purchasll rntes, the effect of allowing the fuel cell to truck 
the electric load wns investignted. No snvings due to electrlc 
sl!1l-back would be realized, bu t lcss nlltural gas would be needed tn 
operate the fual cell. 
The effect of a lond-trncking fucl cell was determin('d for the 
hospital and the Ollllt"tmont building. It was assumed thot the fuel 
cel 1 ratio of el.al:t dc to thermal output remilined constnnt ns till' 
fuel celL eLectrlc output varled, and that the (u<,l cell ef[lcl"I\l"y 
remained constant. The rcsults nrc shown in Table I. The economics 
of the load tracking fuel celI nrc compared to those for th .. fuel 
cell opertlting continuously at rated copacity. For both bulldlnAs, 
the land tracking fuel cell caus~d 1\ decrt!lIs!' Ln the IRR. Th" rea~on 
is that the load tracking fuel cel L Slit lsf l('s a sIIIa1 Ler (ract Lon lIt 
the thermal load. More nntural gas is required for aUKil Lary 
space heating lind domestlc hot water. The nddltlonnl glls cost ant! 
the loss of the sell-back electricity exceeded the glls cost savlngs 
from reducing the fuel cell output. 
It is seen from Table I that the land trnckinA fueL cell causes II 
grt!llter reduction in IRR for the apartment bui lding than for th" 
;..te, • 
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p < .w 
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Table I 
Effect of Electric Load Tracking Fuel Cell System 
Mode 
Hospital Continuous at rated 
Continuous at rated 
Ltlad tracking 
Apartment Continuous at rated 
Continuous at rated 
Load tracking 
FC/CTV/ABS2/H System 
F.C. Rated 
Capacity 
(KW) 
440 
520 
520 
110 
135 
135 
Washington, D.C. Weather; Con. Ed. rates 
$980/KW Fuel Cell installed in 1985 
IRR 
UT 
35.0 
33.4 
31.6 
31.8 
29.5 
18.7 
NPV 
($000) 
655 
645 
552 
114 
114 
16 
27. 
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hospitsl. The resson is that the apartment building has a higher 
thermal-to-elect ric load ratio than the hospital, (1.36 vs. 0.92). 
Therefore, the reduced thermal output, as the fuel cell tracks the 
electric load, has a larger detrimental effect on the apartment 
building. 
t. Fuel Cell Heat Output Temperature 
All of the previous analyses assumed that all of the fuel cell 
thermal output was at a high temperature - approximately 350F. 
Subsequent information from Engelhard indicated that 89% of the 
thermal output would be at 350F and the remainder at about 200F. An 
analysis was then made of the effect of temperaturc level on the 
economics of fuel cell/HVAC systems. 
The high temperature thermal output is only needed for input to 
absorption chillers. The space heating and DHW loads can be 
satisfied by 200°F thermal energy. The effect of temperature level 
could then be analyzed by varying the installed capacity of the 
absorption chillers. 
The results of the analYSis are chown on Table J. The four entries 
correspond to varying percentages of heat at 350F: 
a) The most optimistic; 
b) the current best estimate; 
c) the worst case, and 
d) a previous run without absorption chillers 
26. 
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29. 
It was found that the percentage of thermal energy at 350F had a 
relatively small effect 011 the economics. As the percentage is 
decreased, less cooling is provided by absorption. However, a larger 
fraction of the space heating and DHW loads are then satisfied by the 
fuel cell. In fact, if all of the thermal energy frOID the fuel cell SYHtCIII 
were at 200F, the economics arc still favorable as shown by the laat 
entry in Table J. This entry corresponds to a fuel cell. system with 
only elect ric chillers. The economics of this sys telll iJ r~ nearly as 
favorable as the system with a combination of absorptLon and electL~c 
chillers, as was shown in en earlier section of this repL ~t. 
It is concluded that the economics of 11 fuel cell system with 89% of Its 
thermal output at 350F will be negligibly different from the fuel 
cell with 1O\J~ at 350F. 
Table J 
Effect of Fuel Cell Thermal Output Temperature 
Fuel Cell Thermal Output CTV ABS2 
CaEBcit:l @ 350F @ 200F Ca12Bc. CaE~ NPV IRR 
(KW) -(if" (%) (l06 Btuh) (l06 Btuh)($OOO) (%) -
460 96 4 4.6 1,5 655 35.0 
460 89 11 4.7 1,4 649 34.9 
460 48 52 5.4 0.7 615 34.7 
440 0 100 6.1 0 573 34.6 
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J. Effect of Cold Side Thermal Storage 
The use of cold side thermal storage reduces the electric demand 
charges during peak periods. However, cold storage can also be 
applied in a conventional system as well as in a fuel cell/IIVAC 
system. Since the optimum fuel cell capacity is generally less 
than the average electric load, the application of r.o1d storage 
provides about the same benefit to thE' conventional system as to the 
fuel cell system. The following results therefore .apply to both 
systems. 
The economics of cold storage weLe snalyzed for the four buildings. 
The analysis is given in the Appendix. Costs of cold storage were 
determined by Affilisted Engineers. The analYSis given in the 
Appendix was modified, taking into account the cost estimate by 
Affiliated Engineers, to yield the results shown in Figure 9 and 
Table K. 
Figure 9 shews two cost curveS. One is for the cost of cold 
sturage. The other includes a cost savings due to a reduced chiller 
size. With cold storage, a smaller chiller can be installed that 
operates for more hours to produce the same total amount of cooling. 
Fig. 9 sholts that the optimum storage capacity for the hospiCal is 
about ~200 KWH (1200 tons-hrs), with a simple payback period of 4.3 
years. A similar analysis for the other three buildings is shown on 
Table K. 
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K. Recommended IlVAC Subsystem Dcsign 
The recommcnded HVAC subsystcm design is shown on Fig. 10. The 
design incorporntes a combination of electric and absorption 
chillers and thermal storage as recommended in the previous scctLons 
of this report. All of the necessary components, including heat 
exchangers, pumps, interconnecting piping and controls, are ahown on 
Fig. 10. For comparison, a conventional HVAC system is shown on 
Fig. 11. The systems were designed and specified for a 460 KW fuel 
cell in the hospital. This work was performed by Affiliated 
Engineers, Inc • 
Fig. 12 shows how the components would fit into a mechanical room. 
A large part of the floor area is occupied by the chilled wat~r 
storage tanks. If ice were used for cold storage, the floor url!8 
for storage would only be about one-fourth of that shown. 
Supporting information on system components, controls, and system 
operation are given in the Appendix. 
L. HVAC Subsystem Installed Cos~ 
Affiliated Engineers estimated the installed cost of the IlVAC 
subsystem shown on Fig. 10. These costs are given In Table N for 
the hospital. The costs are incremental costs over a conventional 
system. The total incremental costs for the HVAC subsystem with the 
460 KW fuel cell reduce to a cost of $358/KW. 
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..., L FOLDOUT FRAME 
FIG. 12 MECHANICAL ROOM PLAN 
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ADDIT-IONAL FUEL CELL HECHANICAL SVSTEH COST 
ABOVE CONVENTIONAL SVSTEH COST 
CHILLED WATER SVSTEH COST 
D. Chiller Cost Difference 
b. Chiller Bypass (one chiller) 
c. Controls 
BUILDING HEATING SVSTEH 
a. Boller Cost Difference 
b. Water Storaqe Tank 
c. Tank Bypass & 3~Way Valve 
d. Recovery Loop (Includes pump, valves, piping) 
e. Controls 
DOHESTIC WATER HEATING SVSTEH 
a. Storage Tank 
b. Steam/Water HX 
c. Tank Heater 
d. Recovery Loop (Includes pump, valves, piping) 
e. Controls 
HEAT TRANSFER FLUID SVSTEH 
a. Heat Exchangers HX-l,2,3 
b. Pumps P-l through P-6 
c. Cooling Tower CT-2 and Sump 
d. Piping, Valves, Expansion Tanks 
e. Controls 
ELECTRIC COSTS 
a. Motor Connections 
b. Paralleling Gear 
c. No Emergency Generator 
HISCELLANEOUS COSTS 
a. Additional Mechanical Space ($30/sq.ft.) 
b. ~xhaust Stack, Inlet Duct, Natural Gas Pipe 
for Fue I Ce I I 
TOTAL ADUITIONAL COST 
( ) Denotes a credit 
$ 5,000 
$ 700 
$ 500 
$(21,000) 
$ 3,600 
$ 700 
$ 3,400 
$ 1,200 
$ 2,400 
$ 1,300 
$ (1,400) 
$ 3,400 
$ 700 
$ 8,000 
$ 25,000 
$ 5,200 
$ 18,500 
$ 5,900 
$ 7,700 
$ 98,000 
$(35,000) 
$ 30,000 
$ 1,500 
37. 
$ 6,200 
$(12,100) 
$ 6,1100 
$ 62,000 
$ 70,700 
$ 31,500 
$164,700 
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36. 
The cost estilllate of Table L ~as done in 1II0re detail, and is more 
aCC'lrate, than the cost estimates used in the econolllic analyses (Task 
It). The estiQate of Table L is somewhat higher as ohown on Table M. 
However, when the fuel cell syotem cost is included, the total systelll 
cost io only 5% larger than the Task II estilllate. There 1s only a 
slllall effect on the econolll1cs, ao is also shown on Table M. 
Therefore, all of the previous economic results are slightly 
Optilllistic, but the conclusions do not change. 
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Tabl:! H. 
Effect of Ref1n~~ .• ~ost Estimate 
1. Ina taUed Cos t 
IIV AC over conventional 
Fuel cell sys tern @ $980/KW 
Total 
2. Economics 
Nee present value 
Internal rate of return 
FC/CTV/ABS2/1l System 
Hospital, Wash., D.C. 
460 KW Fuel Cell, Con. Ed. rates 
~ ." ," .. 
TRsk II 
$133,600 
450,800 
$584,400 
$655,000 
34.6% 
~ed 
(Table N) 
$164,700 
450,800 
$615,500 
$615,000 
33.0% 
39. 
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IV. CONC~USIO~ 
Type of Chiller. The moat economicnl system contuino both bn ub&orption 
chiller and an electric chiller. A oystelQ with only electric chillers is 
oourly as good. Syutema \~ith only absorption chillers nco clearly less 
economic than the other two system types • 
Fuel Cell System Capacity. Tho optimum fuol coll system capacity wus 
found to be primarily a function of th'~ 1J',1ild~fl~ '.o,ld rntio -- the mtlo 
of the average thermal load to the average electric loo~. l'lh' Ill/!] (/iogs 
with a load ratio ncar unity, the file 1 cell Iryste1q cllpadty '~lhO-u'd tit> 
approximately 60% of the aVf!rage el.\lcn-Ii. J,,!I<l. 
~ of 8uilding. The hospital represents the best application for fuel 
cell systems of the four buildings studied. The apartment building was 
the next best of the four. The retb!l store can yield an internal rRte 
of return nenrly as high as tl;e hospital Rnd apartment. However, the 
impact on the building owner's owning and operating COB t is le8s because 
the optimum fuel cell capacity is r,elatively much srnalle·.· Fuel cell 
sYlltem applications in office bulldir;gs are not economically competitive 
at current estimates of installed fuel cell system cost. 
Location. The primary variable is the electric rate structure. Weather 
hilS a secondary effect because the cOIll.ing loads of commercial buildings 
ure deminated by internal loads. 
., 
'~.' ~ 
.' 
1. 
Ill. 
Thermal StorlltlA. The usc of thermal storage for domestic hot water IInci 
space heating improves the economics for most systems lind buildings. The 
~; 
~-
, 
" 
'. 
largest impcovcment was for the retail store, whuru most of the thermal 
~ 
load is tor duytime domestic hot water. ; 
I ;j 
~. A tax exempt hospital will yield a higher internal rate of retul'n 
,I' 
, 
i ; than a privately owned hospital. The main reason is that utility COtltR 
" \ 
Ii 
/ 
arc till( deductible expenses for the privately owned hospitul, \~hich in 
, 
J ef fect reduces the utility <,ost slIvings by about one-half. 
'-\ 
~ 
~ 
'.' ,
'cl 
" ~ ~1 
r 
Fuel Cell System Cost. A comparison was made between the maKimum 
allowable cost to yield a "break-even" internal rate of return of l5% "\Id 
1 
~-. 
the current Engelhard cost estimate. In regi'_'!l1 with low electric J 
;~ 
, 
, prices, such as Commonwealth Edison, the Engelhard estimate exceeded the 
.~ 
Il , 
."~ 
break-even cost. This conclusion holds for all building types. However, 
in regions with high electricity prices, such as Consolidated Edison, the ~ ,. 
,~ 
, Engelhsrd estimate was about one-half the break-even cost for the 
..j , 
, 
" /.
~ 
hospital, apartment and retail store. For the office building, the 
., 
~ Engelhard estimate exceeded the break-even cost for all electric rate 
.l 
'.,; , 
i structures. These results show that the allowable fuel cell cost depends 
d 
'; 
J strongly Oil the electric rate structure and the type of building. 
,~ 
',' 
" A 
A \~ 
.'\1 
Fuel Cell Operating Mode. The most economical operating mode for th" 
,t' 
.' .~ , 
!I 
-"', 
fuel cell system is to operate continuously at rated capacity. 
~ 
~~ 
, I ,; I , " ~ 
I :J -~ 
, 
, 
1.2, 
l'u3l Cull Syutom Thenalll Output Tomjlorllturo, A fuul cell oyotem with 89% 
of the thenulIl outllUt lit 3501' lind 11% lit 200°1' yiolldo vlllullO of lRR lind 
NI'V vilry clollil to thoso for II fuol coli oystol. with 100% output at 350~', 
Cold Sldo Thormlll Storllgo, Tho IIppliclltion of cold Bido thermlll storll~o 
to fuol ccll/HVAC aystomll yioldo IIbnut tho slime bonoflt 110 for 
IIppliclltlon In convontlonnl HVAC oystomo, Cold oido thGrmnl storll!lo CIIII 
yiold II simple pnybllck poriod of 3-1. YOllro In localltles with 
Conoo 11dll ted lid 190n eloct ri. c rn too, 
Puol Cell Condonser HOllt Utllizlltlon, Systoms thllt utilize fuel cell 
condenscr hellt to helle dOlDllOtiC hot wllter clln yiold short poybock porlo<lo 
lind Ill"e rocommondo<l for II fuol coll/HVAC systcm, 
Gonerlll Rconomic Fellsibil1ty, The four moot importllnt requirements for 
the llconOlDlc fCIlu.lbUity of fuel cell/HVAC syotems IIl'U: 
- IIppli CII t lons in build! ngs with high thormlll to elect r lc 
10lld rllt lao; 
npplicllt lono In locnll t le6 with medium to high elect ric 
rutuo; 
achievement of fuel cell cost gOllls; and 
the continued mtistcncc of PURPA, 
( 
i, 
'. f 
43. 
PURPA is necessary to guarantee that supplemental electricity can be 
purchased from the utility at a reasonable rate. The sell-back provisions 
of PGRPA are not crucial since the optimally sized fuel cell will generate 
small quantities of excess electricity. 
Figure 16 illustrates qualitatively the effect of the above factors on the 
market in commercial buildings. The largest market penetration will occur 
at high electric prices, at medium to high load ratios, and at the fuel 
cell system cost goals. Deviations from these three requirements will 
decrease the market penetration. The total fuel cell system market would 
be represented by the volume under the surface. 
V, PROJECT FINANCIAL SUMMARY [, SCHEDULE 
Project Costs 
(to 4/30/83 
Final Report 
Total 
Project Schedule 
Task I 
Task II 
Task III 
Final Report 
Estimated 
178,133 
6/7 /82 
2/7 /83 
4/4/83 
Actual 
175,932 
706 
176,638 
6/8/82 
3/9/83 
4/30/83 
7/15/83 
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A. ELECTRIC RATE STRUCTURES 
, 
\ 
\ 
CON ED COGENERATION RATES 
(From Engelhard) 
Energy Cha rge 
8 a.m. - 10 p.m., weekdays 
All other hours 
Demand Charge 
Oct. 15 - May 15 
May 15 - Oct. 15 
Back-up and Reverse Distribution Charge 
(Installed fuel cell KW) X 
+ (Peak sell-back KW) x 
Sell-back Rates 
May 15 - Oct. 15, noon - 6 p.m. 
8 a.m. - noon & 
1982 
6.7c;!/KWH 
5.7c;!/KWH 
$ 9.68/KW 
$24.28/KW 
$1. 77 /Mo. 
1. 77 /Mo. 
11.0c;!/KWH 
6 p.m. - 10 p.m. s.3¢/KWH 
Off-Peak 3.sc;!/KWH 
Oct. 15 - ~~y 15, 8 a.m. - 10 p.m. 4.1c;!/KWH 
Off-Peak 3.3¢/KWH 
1985 
9.1 
7.8 
13.16 
33.02 
2.41 
2.41 
15.0 
7.21 
4.76 
5.58 
4.49 
48. 
c'."'!!IJI 
,1 
,~i 
11 
.~ 
';'1 
;, ,I 
. i :r 
~, 
, 
BOSTON EDISON COGENERATION RATES 
(from Engelhard) 
Energy Charge 
July 1 - Oct. 31 
Nov. 1 - June 30 
Demand Charg~ 
July 1 - Oct. 31 
Nov. 1 - June 30 
Back-up Charge (applies up to fuel cell capacity) 
7.1¢/KWH 
6.8¢/KWH 
$4.93/KW 
$3.91/KW 
(Installed fuel cell KW) x $2.40/Mo. 
Sp:!.J.-baclt Rates 
July 1 - Oct. 31, 11 a.m. - 5 p.m. 6.82¢/KWH 
weekdays 
Other times 3.97¢/KWH 
1985 
9.66 
9.25 
6.70 
5.32 
3.26 
9.28 
5.40 
,. 
~ , 
§O. CAL. EDISON COGENERATION RATES 
Energy Charge 
On-Peak 
Mid-Peak 
Off-Peak 
On-Peak 
Mid-Peak 
Off-Peak 
8ack-Up Charge 
(from ADL) 
1982 
5. 72¢/KWH 
5. 39¢/KWH 
5.04¢/KWH 
$5.05/KW 
$ .65/KH 
o 
(Installed fuel cell KW) x $1.OO/Mo. 
Minimum Demand Charse 
25% of maximum on-peak demand charge 
during previous 11 months 
Sell-back Rates 
Same as "buy" rates except the net energy 
demand cannot be less than zero. 
Definit ions: 
1985 
7.78 
7.32 
6.85 
6.87 
.88 
o 
1. 36 
On-Peak: May 1 - Oct. 31, 1 p.m. - 7 p.m. weekdays 
Nov. 1 - Apr. 30, 5 p.m. - 10 p.m., weekdays 
50. 
Mid-Peak: May 1 - Oct. 31, 9 a.m. - 1 p.m. £. 7 p.m. - 11 p.m. weekdays 
Nov. 1 - A·~r·. 30, 8 a.m. - 5 p.m. weekdays 
Off-Peak: All other times 
-..... '--- -
COMMONWEA.:!d'.!LEOISON COGENERATION RATES. 
(from AOL) 
1982 19!!5 
.Jl!1 ;:Lc.!!..L _OJf-I~ Q!l:::!'...Cil.lt 
Charge - l'irst 6000 KWH $6.50¢/KWII 5. 36¢/KWH 
8.8/, 
Energy 
Next 24 ,000 K~m 5.57 4.43 
Next 70,000 KlIlI 4.97 3.83 
Next 400,OOOKWH 4.66 3.$3 
Remainder 4.24 3.10 
On-Peak: 9 a.m. - 10 p.m. weekdays 
Off-Penk: All other hours 
DBmnnd Charge 
June L - Sept. 30, First LOOO KW, $7.54/KW 
Next 9000 KW, $6.77/KW 
Oct. I - May 3L, First LOOO KW, $5.88/KW 
Next 9000 KW, $5.26/KW 
Minimum Demand Charge 
7.58 
6.76 
6.36 
5.77 
LO.25 
9.21 
8.00 
7. L5 
Oct. L _ May 3L: 75% of highest summer demand charge 
during previouS 23 months. 
Sell-back Rates 
June 1 - Sept. 30, 9 a.m. - 10 p.m. weekdays 
All other hours 
Oct. 1 - May 31, 9 a.m. - 10 p.m. weekdays 
All other hours 
5.69¢/KWH 7.74 
3.LL¢/KWH 4.23 
5.54¢/KWH 7.53 
3.6L¢/KWH 4.91 
51. 
orf-l''',nk 
7.29 
6.02 
5.21 
I, . SO 
I,.n 
~''' .. ' j
, ~j 
1 
,i 
? 1 , 
i )1 
1 ~,: 
! 
I I 
;~~ . 
. •. ~ 
J) 
i 
r;"w'c 
, 
~.......--- ----.'-----
Q.Eo~q.IA }'OWl'_R.J:9GFJiERJYrION .r-AT.I~~ 
(from ADL) 
~!llL~}}A.. del1lLll~)_ Cha.!:.&.~ 
For KWH consumption less than 300 )( dellll.md: 
First 3000 KWH 
Next 7000 KWH 
Next 190,000 KWH 
Over 200,000 KWH 
30° 
For KloIH consumption over ~X demand: 
First 3000 KWH 
Next 7000 K\oIlI 
Next 190,000 KWJI 
Over 200, 000 K\~H 
Sell-back Rates (estimate) 
6. 37¢/KWH 
52. 
\Q82. ,qss 
-
-
11.36¢/Klo/H 15.1,5 
10.26¢/KWll I J. 9 5 
8.20¢/KWll II. I ~ 
o.73¢/KWH 9. I 5 
II.OO~/KWH 14.96 
9.90¢/KWII 13.1,6 
7.84¢/Klo/H 10.66 
6.J7¢/KloIH 8.06 
8.66 
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NEW JERSEY 
PUBLIC SERVICE ELECTRIC [, GAS 
(from Engelhard) 
Energy 
7 a.m. - 9 p.m., weekdays 
7 a.m. - 9 p.~., Saturdays 
Other times 
Demand 
June - Oct 
Nov - Nay 
Sell-Back 
June - Oct 
7 a.m. 
- 9 p.m. , weekdays 
7 a.m. 
- 9 p.m. , Saturdays 
Other times 
Nov - May 
7 a.m. - 9 p. m. , weekdays 
7 a.m. 
- 9 p.m. I Saturdays 
Other times 
1982 
G.(j7C!KWH 
6.46C/KWIl 
4.5C/KWH 
$7.59/KW/Mo. 
6.60/KW/Mo. 
B.OOC/KWH 
3. 67c/KWH 
3. 69¢/KWH 
6.0IC/KWH 
4.86C/KWlI 
1985 
!J.T9" 
8.79 
(,.12 
10.20 
8.98 
10.88 
7.71 
5.0? 
11.07 
8. 17 
6.61 
53. 
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fl. COLD STORAGE ANALYSIS 
54. 
TO, 
PROMI 
DATEI 
BUOJECT, 
L. MOUGIN - 12G 
J. WENDSCHLAG - 12G 
FEBRUARY 28, 1983 
CHILL STORAGE 
----.-.-
cc: P. JOYNER - IIR 
F. HAYES - 12G 
55. 
LACROSSE 
Chill storage systems for commercial buildingo are increasingly being 
investigated as viable means of reducing peak electrical demands. This 
results in coot savings both to the utilities, by deferring the capital 
costs of increasing capacity, and to the customer, by favorable utility 
imposed rate structures. As part of our contract with Engelhard on 
Fuel Cells, the economics of chill storage was investigated using 
TRACE. 
The strategy used in TRACE for simulating chill storage Simply attempts 
to take advantage of the on-peak to off-peak energy charge 
differentials. 110 attempt is made to reduce peak demand charges and, 
in fact, these charges may actually increase when the system is 
controlled in this manner. Another problem with the TRACE method of 
simulating chill storage is the lack of any means to include tanl. loss 
terms. Actual chill storage systems will require increased energy 
utilization due to heat gains into the tank as a result of the 
temperature difference between the tank contents and ito environment. 
Furthermore, all of the chill, which is stored in a tank is not useable 
because mixing inherently takes place, resulting in a poction of the 
storl,r,e attaining unsuitable temperatures. 
In an eFfort to more thc"lughly evaluate the potential of chill storage 
in the buildings analyzed in this project, two new computer programs 
have been written. These programs assess the performance of chill 
storage with more optimum control strategies. Two programs were 
written to allow comparisons for two different types of utility rate 
structures. The programs use, as input, the air conditioning and 
electrical londa which are computed and output from TRACE. Provision 
is also made to allow input of user specified tank loss terms which 
result from mixing and heat gain. 
GROSS PRO~ AM DESCRIPTIONS 
The first program was written to optimize control for Consolidated 
Edison's electrical rate structure ns summarized in Table I. This rate 
structure haa very high demand charges, espeCially during the Summer 
months when the bulk of air conditioning is required. The difference 
between on-peak and off-peak energy charges is only 14%. The greatest 
amount of savings through the utilization of chill storage thus comes 
about through minimization of the peak demand for a given storage 
capacity. 
" , 
'i 
T 
, 
. 
~, 
• L 
56. 
Figure 1 shows the electrical demand vs. time of day for a hospital in 
Washington, DC on a weekday during August. The shaded aress show the 
times when 1500 ton-hours of chill storage are being charged and 
utilized. Besides reducing the peak demann by 134 KW, a portion of the 
energy util1za tion is shifted from on-pea: r., off-peak. The shaded 
area under the charging portion of the curv~ greater than the shaded 
area under the utilization portion due to losses associated with the 
storage system. In this case a 10% loss wao assumed due to heat gain 
as a result of temperature differences across the tank and associated 
plumbing during charging of the tank. Thus 1650 ton-hrs of cooling 
must be generated to fully charge the tank to 1500 ton-hrs. An 
additional 10% loss was assumed associated with mixing during 
utilization of the tank storage. This results in only 1350 ton-hrs of 
the stored chill being usable for air conditioning. The total increase 
in energy utilization associated with the storage system is thus 
(1650/1350-1) or 22% of the storage capacity. 
The second computer program was written to optimize control for 
Southern California Edison's Electrical Rate Structure as summarized in 
Table II. This rate structure has a high peak demand charge during 
on-peak periods, a very low peak demand charge during shoulder periods, 
and no peak demand charge of.f-peak. The difference between on-peak and 
off-peak energy charges is 12%. The greatest savings in the 
utilization of chill storage comes about by minimizing the peak demand 
during on-peak times. This also shifts the stored energy charges from 
on-peak to off-peak rates. 
Figure 2 shows control of the storsge system for the same losds used in 
Figure 1, but under the Southern California Edison rate structure. The 
1000 ton-hours of storage in this case reduces the peak demand during 
the on-peak period by 160 KW. In addition this load is shifted to the 
off-peak energy charge. Again 10% losses are assumed both for the heat 
gains due to temperature differences and for mixing in the tank. 
PARAMETRIC ANALYSIS 
The economics of chill storage have been examined for four commercial 
building types ueing both the Can. Ed. and So. Cal. Ed. rate 
structures. Table III sunnnarizea the building types examined, showing 
their relative sizes and the magnitudes of their electrical loads snd 
a~.r conditioning costs. Each of these buildings were in turn simulated 
over a range of chill storage capacities .for both utili ty rate 
structures. 
Tables IV and V show the results of this analysis for the Can. Ed. and 
So. Cal. Ed. rate structures, respectively. 
The increases in annual electrical energy requirements with increasing 
storage capacity reflect the losses associated with chill storage. The 
annual peak electrical demand typically occurs during an August 
weekday, so the effect of chill storage capacity on this peak is 
highlighted. The electrical costs include demand and energy charges 
and arc calculated using the 1985 projected rate structures. 
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Figures 3 and 4 show the relative savings on air conditioning costs for 
each building as a function of the storage capacity. Cost savings of 
over 50r. are achievable under some circumstances. 
The installed cost of chill storage may vary over a considerable range. 
The actual cost will depend on such things as the type of storage used, 
such as water vs. ice, the type of tank construction; local 
construction costs, and an assessment of the vallie of the space taken 
up by the tank and additional associated equipment. In an effort to 
provide general data for easily computing economical chill storage 
capacities, Figures 5 and 6 have been prepared for the two utility rate 
structures. These curves plot the annual savings pp.r ton-hour of 
storage capacity as a function of the storage capacity. For example, 
if the cost of chill storage in a hospital is $80 per ton-hour, and a 
five-year payback is acceptable, the annual savings per ton-hour of 
capacity must be $16. Figure 5 shows that this savings can be achieved 
with an installed capacity of 1100 ton-hours, under Con. Ed. electrical 
rates. 
A factor which can significantly reduce the installed cost of chill 
storage is ~redit for reduced chiller size. Depending on the amount 
of storage installed and the building air conditioning load profile, 
chiller capacity may be reduced as much as 50%. This can offset a 
subutantial part of the added costs of chill storage. Figure 7 shows 
the estimated installed chiller costs as a function of the chiller size 
in 1985 dollars. The actual chiller size reduction in a chill storage 
application will be a function of the HVAC designer and the assessment 
of storage system reliability. All computations presented were made 
with full eize chillers. 
CALMAC Manufacturing Corporation is a manufacturer of ice storage 
modules for chill storage applications. They estimate the installed 
cost of their storage system at $60 per ton-hour. Based on this cost 
number, simple paybacks were calculated for the four buildings examined 
over a range of storage capacities. The results of these calculations 
are presented in Tables VI and VII for the two utility rate structures. 
Besides the computations which include estimated system losses, the 
paybsck was projected assuming an ideal system with no increase in 
energy usage. This serves to emphasize the affects that loss estimates 
can hsve on chill storsge economic snalysis. 
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CONCLUSIONS 
Chill storage, when properly controlled, ~as.the capability to 
significantly reduce the peak electrical demands for commercial 
buildings. For utility rate structures which have high demand charges, 
this translates into substantial annual operating cost savings. Simple 
payback analysis have ahown that paybacks of less thsn 2 years are 
attainable for small amounts of chill storage under Consolidated 
Edison's rate structure, if the incremental cost of the storage is 
assumed to be $60 per ton-hour. Chill storage thus appears to be 
economical 1[1 some parts of the country. 
; 
, 
, 
,. 
, 
,~­
., 
...,-.----------
TABLE 1. CONSOLIDATED EDISON ELECTRICAL RATE STRUCTURE 
ENERGY CHARGE 
8 a.m. - 10 p.m., weekdays 
All other hours 
DEMAND CHARGE 
Oct. 15 - May 15 
May 15 - Oct. 15 
1982 
6.7MKWIl 
5.7UKWIl 
$9.68/KW 
$24.28/KW 
1985 
9.1MKWIl 
7.8UKWIl 
$13.16/KW 
$33.02/KW 
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TABLE II. SOUTHERN CALIFORNIA EDISON ELECTRICAL RATE STRUCTURE 
ENERGY CHARGE 
On-Peak 
Mid-Peak 
Off-Peak 
DEMAND CHARGE 
On-Pe.ak 
Mid-Peak 
Off-Peak 
MINIMUM DEMAIID CHARGE 
1982 
5.72MKWH 
5.39MKWH 
5.04MKWH 
$5.05/KW 
$0.65/kw 
o 
1985 
7.78MKWH 
7.32MKWH 
6.85MKWH 
$6.87/KW 
$0.88/KW 
o 
60. 
25% of maximum on-peak demand charge during previous 11 months. 
DEFINITIONS 
ON-PEAK: May 1 - Oct. 31, 1 p.m. - 7 p.m., weekdays 
Nov. 1 - Apr. 30, 5 p.m. - 10 p.m., weekdays 
MID-PEAK: May 1 - Oct. 31, 9 a.m. - 1 p.m. & 7 p.m. - 11 p.m. 
weekdays 
Nov. 1 - Apr. 30, 8 a.m. - 5 p.m., weekdays 
OFF-PEAK: All other times 
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TABLE III. DESCRIPTION OF BUILDINGS USED FOR 
CHILL :;'rOkAGE PARAMETRIC ANALYSIS 
Annual Annual Air Conditioning Coata Size Electricity Req. Con. Ed. So. Cal. Ed ( ft2) (KWH) S $ 
197,000 4.9 y. 106 84,513 62,152 
81,600 1.1 x 106 23,941 15,591 
66,800 1.4 x 106 23,633 12,701 
112,000 1.8 x lU6 57,897 34,921 
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TABLE IV. ANALYSIS OF atILL STORAGE FOR FOUR TYPES 
! , 
Building 
r , 
" Hospital t! ,
L 
~; 
~, 
.. 
~; 
.- ! ~1 l 
:( ; 
· ' ~ : 
, 
• Office , . 
• i' 
" f } , 
, 
.' ~ 
Apartment 
, 
Retail Store 
OF COMMERCIAL BUILDINGS OPERATING ON CONSOLIDATED 
EDISON'S UTILITY RATE STRUCTURE 
Storage Annual Energy Avg. peak Elec. Cost 
Ton-Urs (KWH) (KWH) ($) 
0 4,915,219 838 609,778 
500 4,944,623 767 595,627 
1000 If,965,401 733 592,130 
1500 4,981 ,009 704 590,134 
2000 4,989,541 701 589,640 
2500 4,990,362 701 589,687 
0 1",20,971 329 199,199 
ISO 1,427,518 304 194,085 
300 1,433,146 291 191,292 
500 1,439,050 277 188,706 
700 1,442,884 263 187,042 
850 1,444,870 257 186,812 
950 1,445,246 257 186,846 
0 1,064,513 259 146,801 
250 1,075,132 208 138,713 
500 1,081,648 194 137,962 
750 1,081> ,577 194 138,141 
1000 1,089,717 194 138,257 
1200 1,089,717 194 138,257 
1400 1,089,717 194 138,257 
0 1,810,016 451 255,232 
500 1,837,641f 400 245,677 
1000 1,856,426 366 240,271 
1500 1,871,175 333 235,911 
2000 1,880,940 299 232,732 
2450 1,881,645 291 232,362 
2700 1,881,645 291 232,362 
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TABLE V. ANALYSIS OF CHILL STORAGE FOR FOUR TYPES OF 
COMMERCIAL BUILDINGS OPERATING ON SOUTHERN 
CALIFORNIA EDISON'S U~ILITY RATE STRUCTURE 
63. 
Storage Annual Energy Avg. Peak E1ec. Coat 
Ton-lira (KWII) (KWH) ($) 
0 4,915,219 838 424,215 
500 4,9/,4,714 738 419,176 
1000 4,972,Z30 678 418,159 
1500 4,990,872 617 417,293 
2000 5,007,338 555 417,088 
2500 5,018,884 553 417,503 
3000 5,022,304 553 417,654 
3300 5,021,809 553 417,617 
0 1,420,971 329 134,840 
150 1,429,043 298 132,959 
300 1,436,342 274 132,771 
500 1,445,196 257 132,207 
700 1,1.51,720 257 132,451 
850 1,455,044 257 132,639 
950 1,457,177 257 132,788 
0 1,064,513 259 102,213 
250 1,079,254 183 100,112 
500 1,092,148 166 100,444 
750 l. ,099 ,619 166 100,751 
1000 1,105,768 166 101,032 
1200 1,109,711 166 101,224 
1400 1,111,265 166 101,313 
Retail Store 0 1,810,016 445 172,419 
500 1,839,511 377 169,145 
1000 1,868,605 317 168,422 
1500 1,889,730 269 168,518 
2000 1,903,644 269 169,067 
2450 1,909,315 269 169,335 
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TASLE VI. SIMPLE PAYBACK ANALYSIS FOR 
CHILL STORAGE USING CONSOLIDATED 
EDISON RATE STRUCTURE 
Storage Savings * 
Buildin!! (Ton-Hrs) ($) 
Hospital 500 14,151 
1000 17,648 
1500 19,644 
2000 20,138 
Office 150 5,114 
300 7,907 
500 1.0,493 
700 12,157 
Apartment 250 8,088 
500 8,839 
750 8,660 
Retail Store 500 9,555 
1000 14,961 
1500 19,321 
2000 22,500 
"'Assumes 10% Mixing Losses, 10% OT Losses 
"'*Assumes $60/Ton-Hr 
***Payback with no losses 
Payback ** 
(Yrs) 
2.1 (1.7)**'" 
3.4 (2.7) 
4.6 (3.5) 
6.0 (4.4) 
1.8 (1.5) 
2.3 (1.9) 
2.9 (2.4 ) 
3.5 (3.0) 
1.9 (1.6) 
3.4 (2.9) 
5.2 (4.3) 
3.1 (2.4) 
4.0 (3.0) 
4.7 (3.5) 
5.3 (4.2) 
64. 
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TABLE VII. SIMPLE PAYBACK ANALYSIS FOR 
CHILL STORAG~ USING SOUTHERN 
CALIFORNIA EOISON RATE STRUCTURE. 
Storage Savings'll 
Building (Ton-Hra) ($) 
Hospital 500 4,939 
1000 6,056 
1500 6,922 
2000 7,127 
Office 150 1,881 
300 2,569 
500 2,633 
250 2,101 
500 1,769 
Apartment 
750 1,462 
Retail Store 500 3,214 
1000 3,997 
1500 3,901 
*Assumes 10% Mixing LOSSGS & 10% OT LOBses. 
'l<*Assumes $60/Ton-Hr. 
***Payback with no lOBses. 
Payback 'II'll 
Yrs 
6.1 ( 4.1)*'1<* 
9.9 ( 5.8) 
13.0 ( 1.1) 
16.8 ( 8.8) 
4.8 ( 3.5) 
7.0 ( 4.8) 
11.4 ( 6.9) 
1.1 ( 4.7) 
17.0 ( 8.1) 
30.8 (11.5 ) 
9.2 ( 5.3) 
15.0 ( 7.1) 
23.1 ( 9.5) 
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DESCRIPTION ~ ; , 
Heat transfer fluid pumps, 320 GPH @ 25 psi and 3B SSU, suitable for ~50°F, 20 hp ~ 
HX-I, HX-2 Injection pumps, 50 aPH @ 25 psi and 3B SSU, suitable for 350° F, 5 hp mo! 
Tower water pumps - CT-2, 107 GrH @ 75' head, 61% efficiency, 3, I BHP, 5 hp motor, I 
Domestic water circulating pump, 50 GPM @ 25' bead, 45% effiCiency, 0,5 BHP, 3/4 h~ 
Heating water reclaim pump, 50 GPH @ 40' head, 50% efficiency, 1,0 BHP, 1-1/2" hp ~ 
Heating water pumps, 425 GPM @ 50' head, 70% efficiency, 7,5 DHP, 10 lip motor, B-I/j 
CH-2 evaporator pump, 600 GPM @ 40' head, BI% efficiency, 7.5 BHP, 10 hp motor, 7-1) 
CH-I evaporator pump, 250 GPM @ 40' head, 72% efficiency, 4,0 BHP, 5 hp motor, 7-1/; 
ChIlled water secondary pumps, 425 GPM @ 50' head, 70% efficIency, 7.5 BHP, 10 hp ~ 
CH-I tower water pump, 450 GPH @ 45' head, 68% efficiency, 7.0 BHP, 10 hp motor, 81 
CH-2 tower water pump, 900 GPH @ 45' head, BI% efficiency, 12.5 BHP, 15 hp motor, ~ 
Duplex condensa te pump, 6000 tjJ EDR, 9 GPM @ 20 psi, 3500 rpm, 14 gallon recelver,~ 
Two stage absorption chiller, 125 tons, cool 250 GPM from 57-45 with It50 GPH of to~ 
ElectrIc centrifugal chIller, 300 tons, cool 600 GPH from 57-45 wIth B72 GPH of t~ 
Air conditIoning cooling tower, cool 13S0 GPM f"om 96°F - BSoF @ 73°F W.B., twIn c~ 
Process cooling tower, cool 107 GPM from 120°F - 90 0 F @ 7B o F W.B., counterflow tYP.j 
Domestic/heating water reclaim, heat 50 GPM of water'from 140-200 F wltb 95 GPM of\ 
, 
Fuel cell thermal dump, cool BO' GPM of multltherm PG-I from 350-265°F wIth 107 G" 
Packaged deae ra to r, 36" x 72" rece I ve r, dup I ex pumps - 20 GPH @ 125 ps i, 7-1/2 hp J 
150 psi steam boiler, 3000 HBH input, 2250 MBH output, natural gas firing rate 30~ 
Heating water convertor, heat 425 GPM 'J from 120-140°F with 2 psi steam, 4250 MBH, ~ 
Domestic water convertor, heat 22 GPM from 110-IBo°F with 2 psi steam, 770 MBH, 7~ 
-Domestic water tank heater, heat 1000 GPH from 50-110°F with 2 psi steam, 500 MBH~ 
ASHE steel tank, nominal 25,000 gallons each, (41 requ I red, 5 tamped and tes ted fo~ 
ASHE steel tank, nomina I 7500 gallons, stamped and tested 
ASHE steel tank, nominal 5500 gallons, stamped and tested 
Steel tank, nominal 2500 gallons, vertical style 
Steel tank, nominal 500 gallons, vertical style 
. 
for 125 p5 i, 
for 125 ps I, 
provide wI#' 
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REMARKS 
J .. -'_~_ 
lie for j50°F, 20 hp mocur, 47% efficiency Viking, MR4124V 
lie for '35QoF, 5 hp motor, 58% efficiency Viking, K4124V 
3, I BHP, 5 hp motor, 8-5/8" Impeller, stuffing box seal, 1750 rpm Bell & Gossett Series 1510-!-I/Z"BIl 
tency, 0.5 BHP, 3/4 hp motor, 5-1/2" Impeller, mechanical seal, 1750 rr ~ Bell & Gossett Series 80-I!xl!x7 
, 1.0 BHP, 1-1/2" hp motor, 6-1/2" Impeller, mechanical seal, 1750 rpm Bell & Gossett Sel'1es 80-,!xHx7 
BHP, 10 lip motor, 8-1/2" Impeller, mechanical seal, 1750 rpm Be II & Gossett Series 1510-3"OB 
, BHP, 10 hp motor, 7-1/2" Impeller, mechanical seal, 1750 rpm Be II & Gossett Series 1510-IIBC 
BHP, 5 hp motor, 7-1(4" Impeller, mechanical seal, 1750 rpm Bell & Gossett Series 1510-2-1/2BB 
eOlCY, 7.5 BHP, 10 hp motor, 8-1/2" Impeller, mechanical seal, 1750 rpm Be II & Gossett Series 1510-3"OB 
o BHP, 10 h? motor, 8-1/4" Impeller, stuffing box seal, 1750 rpm Be 11 & Gossett lierles 1510-3"BB 
-
--
.5 BHP, 15 hp motor, 8" impeller, stuffing box seal, 1750 rpm Be II & Gossett Series 1510-5"BC 
i, 14 gallon receiver, 1/3 hp pump motors Domestic 62CC 
---
45 with 'ISO GPM of tower water @ 85-98.3°F, 350°F concentrator temp 
45 with 872 GPM of tower wafer @ 85~95°1', 0.707 kw/ton Trane CVHE-25F~AA-2K-2601'DA 12DA-7 
'F @ 78°F W.B., twin cell, crossflow type,2 fans @ 10 hp each B.A.C. eFT (2) 2416 
W.B., counterflow type,S hp fan motor B.A.C. VX-45 
)-200 F wltb 95 GPM of multltherm PG-I @ 350-281 F Tranter UX-016-UJ-26 
350-265°F with 107 GPM of tower water @ 90-118.1°F Tranter UX-016-UJ-26 
I @ 125 psi, 7-1/2 hp e~ch, two compartment design Domestic .005cc/llter package 
;1 gas firing rate 3000 ft 3/hr, forced draft fan - 2 hp Cleaver Brooks M4HP-3000 
lsi steam, 4250 MBH, 4381 '(hr, 125 psi design pressure Be 11 & Gossett SU-144-2 
lsi steam, 770 MBH, !Q~ '/hr, 125 psi design pressure Be II & Gossett SU-84-4 
2 psi steam, 500 MBH, 515 H/hr, 125 psi design pressure Bell & Gossett TSC 1036 
stamped and tested for 125 psi, provide w/12" transfer pipes II' diameter x 36' 10nll 
r 125 ps i, provide w(4" transfer pipes 8' diameter x 20' long 
r 125 psi, provide w/8" transfer pipes 8' diameter x 15' long 
6' diameter x 12' hlah 
4' diameter x 6' hiah 
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ICE STORAGE VS. WATER STORAGE COHPARISON 
(Based on 1200 ton-hrs of storage - pressurized water storage system) 
Hech. Space Req'd. 
Cost ($30!Sq. Ft.) 
Storage Volume Req'd. 
Cost 
Primary Cooling Equip. 
Cost 
ICE STORAGE 
900 Sq. Ft. 
$27,000 
4370 Ft 3 
$55,000 
(3) 100 Ton Water 
Cooled Condensing Units 
$95,000 
Cost of Additional $20,000 
Refrigeration Accessories, 
Piping and Controls 
TOTAL COST $197,000 
WATER STORAGE 
2320 Sq. Ft. 
$69,600 
13,333 Ft 3 
$95,000 
300 Ton Centrifugal 
Water Chiller 
$81,000 
$0 
$2"5,600 
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RUN sysn", 
rUEL 
CI!:t.L 
COST 
(./KW) 
HOSPITAL (400 KW) 
CON. ED. RATI!:S 
7 CTV 
, rC/CTV/H 
, Fc/crV/1i 
, FC/CTV/H 
40 FC/CTV/H 
CO~I. o:n. RIITES 
10 CTV 
10 rC/CTV/H 
41 FC/CTV/H 
41 FC/CTV/H 
~PART~ENT (50 KW) 
CON. ED. RATES 
20 crv 
20 rC/CTV/H 
42 FC/CTV/H 
42 rC/CTV/H 
COM. 
43 
43 
43 
ED. RATES 
CTV 
P'C/CTV/H 
rC/CTV/H 
.. 
990 
1470 
1960 
2Q40 
.. 
9S0 
1960 
2940 
.. .. 
.. 
980 
1960 
2940 
.. 
980 
1960 
.. .. . - - . .. .. 
RtTAIL 
CON. 
29 
29 
U 
44 
COM. 
45 
45 
45 
45 
. .. 
OFFICE 
CON. 
24 
24 
46 
46 
.. 
STORE (65 
EO. RATES 
CTV 
rC/CTV/H 
FC/C'l'V/H 
P'C/CTV/H 
KW) 
ED. RATES 
CTV 
F'C/CTV/H 
FC/CTV/H 
Fc/crV/H 
- - .. . 
BUILDING (95 
ED. RATES 
<::Tv 
F'C/CTV/H 
P'C/CTV /;// 
POC/CTV/H 
.. 
980 
1960 
2940 
.. 
980 
1960 
2940 
-KW) 
.. 
TAlILE fl 
E,rEer or FIIEL CELL COST 
1985 INSTALLATION 
INCR. 
INST'D. 
COST 
<*) 
.. 
454,330 
650,300 
846,300 
1,238,300 
-454,300 
846,300 
1,238,300 
!!'! - - -
.. 
.. 
.. 
58,450 
107,500 
156,500 
.. 
5A,450 
107,500 
.. .. 
.. 
76,500 
140,200 
203,800 
.. 
76,500 
140,200 
203,800 
.. .. 
.. 
95,500 
178,800 
262,100 
.. 
-
1995 
UTIL, 
COST 
($) 
741,SOO 
532,400 
532,400 
532,400 
532,400 
528,700 
44010,700 
444,700 
444,700 
.. .. .. 
192,800 
171 ,500 
171 p500 
171,500 
149,300 
U8,700 
138,700 
.. .. .. 
:t53,600 
222,300 
222,300 
222,300 
172,200 
158,500 
158,500 
158,500 
.. .. .. 
193,200 
168,900 
168,900 
168,900 
-
SPs 
CYRS) 
NPV 
(a) 
.. . 
2.2 559,500 
3.1 380,200 
4.0 220,400 
-157,400 
.. -
5.4 .130,000 
-488,600 
ooa47,000 
. - . .. . 
• • 
2.7 "4,700 
5.0 -735 
7.3 -45,14(J 
5,5 
10.1 
.. 
-
.. 
-
co 
-
• iii , 200 
-59,700 
- . 
73,900 
14,300 
·"',200 
.. 
-23,400 
-83,100 
.. 144,600 
.. - .. 
.. 
-6,263 
"85,300 
-159,100 
.. 
• 
IRR 
(peT) 
-36.11 
26.2 
20.b 
12,() 
• 
5,3 
0.0 
0.0 
M " 
• 
-4.7 
0.0 
.. 
.. 
.. 
3.4 
0.0 
0.0 
.. 
.. 
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HOSPITAL ( P ~' V. O.H "O ), III HINCTON, DC 
CO N. ED. ,. tECTlfI C RATES 
"'O/KII " UEL CUI. COST IH 1~1I5 
IIUN STST,.!! 
2 CTV 
2 ,.C /CTV 
4 rC / AIISl 
5 rC/ABS2 
l . n~D 
PlinrILE 
(1111) 
)17(8) 
5'111(A) 
• :I(P) 
19)(B) 
5 HA) 
7qt.(P) 
3~b(8) 
'U4(l) 
'tH(p) 
)I rr / CTV /l81' 2 
344(11) 
14 (A) 
7!1HP) 
-
3 r C/CTv/N 
u 
48 
4A 
- -
lIl7(!!) 
rC/crV/AA521H 
l2 144(8) 
!l4 
54 
54 514(A) 
-
r u "" CrLL 
ClP~C. 
(KII) 
-
("C Rr!!. 
INST'fI 
rnST 
(. ) 
-
40 0 4 1»,000 
590 64l.100 
940 1,014,600 
400 517,400 
2 0 6411,20 0 
70 0 844,4 00 
400 551,t. nn 
52 0 6114,4n o 
71l/) SlI n ,bo n 
400 
~2 t'1 
700 
506, 500 
"41,10 01'1 
~51 ,900 
1915 
UTILTTY 
COST 
cal 
141,500 
544,400 
4qO,400 
494,80 0 
621, 000 
~" O , 00 
5 /) ),400 
56 ,1 01'1 
514, 700 
469, 500 
51 0 , 0(10 
476,l OO 
4!1I , ClOO 
5P8 
(YRS) 
-
JlPV 
( .) 
-
2.2 495,9 no 
2.10 49l,100 
4.2 -104,1 no 
4.l -11>,h OO J." 83,1» 00 
).5 137, 200 
J.I 247,l OO 
3. 0 1 4,!l 00 
3.2 Jll, ,,(,0 
2.2 b () 9,6 " O 
:1 • • b 0 2 , 3 (HI 
7.Q 441, l Oll 
- . - - - - . . - - -
40 n 
46 0 
52 0 
59 0 
40 0 
44 0 
48 0 
52 0 
4 4,)0 0 
519,70 0 
5ol5,10 0 
6101,4n o 
515,:100 
5101, 000 
b07,90n 
652,bon 
!ll2,400 
512,800 
4Qb,~0 0 
4111,800 
03,800 
48M,500 
4H,lOO 
."0 ,600 
2.7 5511,5 00 
2.2 572,9 0 0 
2.3 5b7, 200 
1 .1 53 ,!lo O 
2.2 1>44,111)0 
2.2 1>5 , (lOCI 
'.l 6 .,9u l> 
'.J t-4S,O OO 
11111 
(PCT) 
-
35.2 
30. I 
II . 7 
10 .2 
IH.2 
19. (1 
:.04. 0 
24.7 
2 2 ." 
)!I. ~ 
)2 . 0 
25.7 
- -
)b.4 
l4.1> 
l 2 .~ 
)0.5 
lb, O 
5. 0 
14.2 
lJ.4 
T~RLE P"2 
EFrECT or FUEL CE~L CAPACITY 
ORIGINAl. PAGE 19 
OF POOR QUALITV 
HosprT~L (PR~V, OWNF.D), WASHIUGTON,DC 
CON, £0, ~L£CTRIC RATES 
.990/KW rUEL CELL COST IN 1985 
RUN SYSTr,M 
2 crv 
2 rC/CTV 
4 rcolls 1 
5 rC/ABS2 
!,OAO 
PRorXLE 
"III ) 
387(B) 
579(") 
855CP) 
393<B) 
553(") 
H6(P) 
396(5) 
5U(A) 
775(1') 
)1 Fc/crv 0 5S 2 
-
344 (~) 
S14(A) 
1R4(P) 
- _ N _ • _ 
3 Fc/crV/H 
48 
307(tI) 
48 
4R 579(A) 
FC/C'tV/A9S2lH 
32 344(8) 
54 
54 
54 514(A) 
.. 
ru F. I. 
CELL 
CAPJ.C. 
(KW) 
.. 
If/CREH, 
INsrlO 
COST 
(4 ) 
-
400 436,000 
590 (4),100 
940 1,0'24,600 
400 517,400 
520 648,200 
700 844,400 
400 553,600 
520 6114,400 
700 8AO,600 
400 
52('1 
100 
- -
400 
460 
520 
590 
400 
Ho 
480 
520 
506,500 
643,bOO 
~51 ,900 
- -
454,300 
519,700 
51l5,1 00 
661,400 
515,500 
561,000 
607,900 
652,600 
1985 
UTILTTY 
COST 
(S) 
.. 
741,500 
544,400 
4QO,400 
494,900 
621,000 
!'i60,!)00 
503,400 
565,300 
514,700 
4h9,~00 
510,000 
476,300 
451,000 
- .. -
532,400 
512,800 
4Q6,500 
41H,800 
503,800 
4BR,SOO 
473,300 
41,0,600 
SpB 
(YRS) 
-
NPV 
(8) 
.. 
2,2 495,900 
2.6 493,100 
4,2 -104,700 
4.3 -76,bOO 
3," 83,600 
3,5 137,200 
3,1 247,300 
3,0 334,500 
3,2 .H3,bOO 
2,2 bOCJ,60() 
7,4 602,3(1) 
2,9 444,10\1 
. . . - -
2.7 559,500 
2.2 ~72,900 
'2,3 567,200 
'2,3 535,5UO 
2,2 "44,1100 
'2,2 b55,OOO 
2,3 654,9110 
2,3 t,"'S,OOO 
IRII 
(PCT) 
.. 
86. 
35,2 
30,1 
11 .7 
10,2 
18,2 
19,0 
24,0 
24,7 
'22," 
u _ 
36,4 
34,b 
32,~ 
30,S 
36.0 
35,0 
34,2 
33.4 
" 
ri • 1 . ~ , . ..............-----.. -.---.. ---------;-~---- - --~ '~-'- - . , -'.~ , 
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" f OF POOR QUALITY dJ 
i ,I 
r WAGHINGTON, DC, CUN, ED. F.J,ECTRIC RATES :1 
\ 8990/ICII rUt:!, Cf;t.,J, COST IN 1985 ,. 1 ~ .' 
" 
., 
, rul'J, HOT {NeREM, 1995 -j,' . ~, 
SUnOING CE!JL STaR, IN5T'0 UTILlTY 'J' 
RUN SYSTEM CAPAC. CAPAC, COST CUST SPS NPV JRR 
(KII) (Eb BTU) (t) ($ ) (YRS) (I) (PCT) 
HOSPIT .. J, (PR IV. OWNED) 
'2 CTV .. .. .. 741,500 
-
.. .. 
r 2 P'C/CTY 400(8) 0 436,000 544,400 2,2 495,1100 35,2 i 
3 F'C/CrV/H 400(S) 6.5 454,300 532,400 2,2 559,500 36,4 ~ 
, 33 FC/CTV/H/e 400(B) 6,5 554,400 519,000 2.5 593,700 33.6 l , 
31 FC/CTV/IIBS2 400(8) 0 !i06,500 510,100 2.2 601l,bOO 35,5 ~ 
32 P'C/CTV/ASS2/H 400(S) 3.2 515,500 503,800 2,2 644,800 36.0 ~ 
52 FC/CrV/ASS! 400(S) 0 485,300 5.~0, 000 2.4 439,200 31,8 'J-~ 52 FC/CrV IABSI/H 400(8) 2.0 490,900 536,800 2.4 455,600 32,U , 1; 
5 FC/ASS2 520(A) 0 694,400 51010,700 3.0 334,500 24.7 'i ! 35 FC/ASS2IH 520(A) 6,4 702,400 500,900 2,9 410,600 26,2 :1 
4 FC/ABSl 700(P) 0 RoU,400 503,400 3.5 137 ,200 19,0 ~ 
APARTfiENT :j 1 
t9 CTV .. ~ ~ 192,800 .. .. .. ~ 
19 P'C/CTV 135(A) 0 147,200 138,600 2.7 1(11,300 29.6 i 49 Fr/CTV/H 135 (A) 1,4 151,150 135,900 2.7 114,920 29,5 r 
21 PC/IIBSI 235(P) 0 281,500 135,300 4.9 -90,500 3.9 1: ." 
36 FC/ABSI/H 235CP) 4.2 293,300 125,900 4,4 "25,400 12.1> '! ! 
~, 
~ 
R~TAIL s'rORE ·9 
,t 
27 CTV .. 
-
.. 253,600 .. • • ,I 
1 ~ 27 P'C/CTV 65(8) 0 70,950 228,100 2.R 39,570 26,9 t 
29 FC/CTY/H 65CI\) 2.0 76,500 222,300 2.4 73,900 32.7 " , 
29 FC/~BS1 300(P) I) lal,20r., 201,600 7.3 -277,100 I) t 
3& FC/A8SlIH 300CP) 3.8 391,900 192,100 6.3 -225,2 0,1 0 ~ 
';1 
j 
," 
OFFICE 8LDG ~ 
23 CTY 
- - -
193,200 
-
.. • 1 
23 FC/CTV 95(8) 0 92.650 169,200 ~.9 -6,40u 12.6 ~ J 24 FC/CTV/H 95(8) 1,0 95,500 168,900 l.q "6,260 12.9 'V 
25 FC/ASSl 165CA) 0 195,900 1!11,100 4." -57,640 0 'j J ~ 37 FC/ABS1/H 165(A) 0.2 199,400 150,6(J0 4.1 -511,470 0 'i : .. ~ , 
J' 1'; j , FC .. P'U ,::t, CELL i, 
" f,- CTY .. 'CENTRAVAC' ELECTRIC CHIJ,LER ."1 ABSI .. SINGLE STAGE ABSORPTION ~ !I 
, ASS2 • TWO STAGE ABSORPTION ' :1 !!f H • HOT SIDE THERIUL STURAGI!: ! ~ C COLD SIDE THERMAL STORAGE • ~ " 
8PB 
" 
SIMPLE P .. YBACI< PERIOD '~ " \ NPV .. NET PRESENT YALUE ( 15\) \: i lRR .. INTERNAL RATe: or R~:TURN (ArTER TAX) , 
" 
i~ 
, tl ",,, " 
r h~"'~-, .." .".q ...--- * .. - ..... ,------
88. :; 
(lRIGINAL P,'\CE IS 
OF POOR QUALI if 
TABI,!: P''' ; 
EFFECT OF LOCATION .j 
I 
HOSPI'I'AL (PRIV. ClWNEP), 400 KW FUEL CELL 
.900/KW FUEL CELL COST IN 1995 
INCR. 1985 
I'Lf.C. tNST'D. UTILITY 
IIUN t.OC. liT 1 L I'I'Y SYSTF'M COST COST SPB NPV 11111 
(S) (8) (YRS) (II) (PCT) 
I 1 .. NY CON. EO. CTV 
-
741,001'1 ,. 
-
.. 
1 
I P'C/CTV/H "54,331'1 524,200 2.1 607,800 37.& 17 I\Tt, GEO. PI/R. crv 
-
&82,700 
- - -J P'C/C'I'V/H 454,330 4711,bOO 2 .. ~ 521,000 35,3 
1 
, 
• , , 
I 14 BIlS BOil. ED, e'fV .. f,75,100 .. .. .. ,1 
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" 19 NEWI( N.J.P,S. CTV .. 632,100 .. 
-
.. 
FC/CTV/H 454,331'1 465,800 2.7 329,&1'10 28.& 
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'~ 
16 CHtC COM. (:;1'1, CTV .. 5"1,000 n a .. 
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tHCR. 1985 
ELEC. INST'D. UTlJ,ITY 
UTILITY SYSTEM COS'f ('.JST SPB NPV 
( ~) (8) (rRS) (. ) 
CON. ED. CTV .. 741,500 .. .. 
rC/CTV/!! 454,330 532,400 :.1.2 5~'.I,500 
GEO. PilR. C'1'V • 701,000 .. .. 
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N.J.P.S. ClY 
-
632,600 .. .. 
rC/C'I'V/II 454,330 474,600 2.9 2711,200 
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OWNERSHIP RATE (,OST COST SPR NPV (PCT) (8) ") (YRS) eel 
TAX-EXEMPT 0 - 741,500 -
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